This paper presents an experimentally validated, closed-form set of equations for predicting forces on rectangular buildings impinged by nominally unsteady tsunami inundation flows. The shallow water waves that drive the tsunami inundation flows described in this paper are generated using a novel tsunami simulator, uniquely capable of generating very long period waves featuring the characteristic draw-down of real-world tsunami. We describe an experimental study of the forces acting on a rectangular building occupying 10-80% of a channel, fixed in a free-surface-channel flow driven by shallow water waves with periods of 20-240 s. An idealised topography and a 1:50 Froude scale are adopted. A one dimensional model based upon open-channel flow principles is proposed for unsteady flows driven by prototype tsunami waves, providing empirical estimates for drag and hydrostatic coefficients. It is observed that the pressure field around the buildings is hydrostatic irrespective of the flow being steady or unsteady. An empirically derived force prediction equation, dependent upon the Froude number of the incoming flow and blocking fraction is presented, which provides good agreement with the experimental results. The equations presented in this paper will provide engineers, tsunami modellers, and risk evaluation experts with a convenient method of tsunami inundation force determination without recourse to computationally expensive multi-scale numerical models.
Introduction and background
The Japan (2011) and Indian Ocean (2004) tsunami resulted in significant loss of life, buildings, and critical infrastructure (EEFIT, 2004; EEFIT, 2009; EEFIT, 2011; EEFIT, 2013) . In order to mitigate such losses it is essential to have an understanding of the likely inundation forces that will arise during a tsunami event.
Tsunami inundation forces imposed upon structures in coastal regions are due to the unsteady flow of sea water around them, which may be evaluated as a combination of drag, hydrostatic and inertia forces. Related studies (Qi et al., 2014; Bahmanpour et al., 2017) have evaluated tsunami inundation forces using steady flow data, but these do not consider the evolution of these forces during a tsunami event. It is important to consider unsteady flow in order to gain a complete understanding of the temporal evolution of water surface elevation, velocity, pressure, and total inundation force around the structure. This paper addresses the interaction between unsteady flow due to prototype tsunami waves with periods between 20 and 240 s, and a rectangular surface-piercing rigid obstacle. The wave periods considered are classified as either quasi-steady or unsteady according to the magnitude of their flow accelerations. New and detailed laboratory data is presented and a semi-empirical model for predicting the forces experienced by the obstacle is proposed.
The current literature on tsunami inundation forces on buildings is somewhat disparate. This reflects the relatively broad range of areas within fluid mechanics from which current research draws, and the assumptions made in modelling the tsunami inundation flows. Over the past few decades, research has focused upon: (1) determining the pressure field of the impinging tsunami wave through shallow water theory (Ritter, 1892; Vallis, 2006) ; (2) characterising the flow as either steady or unsteady, subcritical or supercritical (Qi et al., 2014; Bahmanpour et al., 2017); and (3) investigating the local interactions between obstacles and the flow (Fenton et al., 2003 (Fenton et al., , 2008 . The combined effect of all of these components, coupled with and validated against realistic prototype tsunami conditions, has not yet been investigated widely.
Early theoretical work that may be related to the determination of pressure fields of tsunami is that of Ritter (1892) , who conducted work on propagating bores and presented solutions to the non-linear shallow water equations for a dam break of inviscid flow over a dry bed. More general forms of the shallow water equations (see Dean and Dalrymple (1984) ) demonstrate that the resulting pressure field is hydrostatic. As a result, open-channel flow principles, which assume hydrostatic pressure distributions, may be used to analyse local variations in surface conditions. Initial analytical studies by Escande (1939) examined the problem of interactions between obstacles and channel flow using energy principles, but their generality was limited by arbitrary theoretical closures.
More recently, there has been movement towards momentum and drag concepts, which can be used to determine the criticality of the flow. Hsieh (1964) conducted a preliminary investigation into the resistance coefficients of cylinders in a rectangular channel, which were shown to be a function of the Froude number, the relative depth of the incoming flow, and the relative spacing of the piers; the direct effect of the piers on the free surface was however neglected. Henderson (1966) describes, but does not present a solution to, an approach that uses the momentum principle to provide an estimate for the perturbed water depth. Ranga Raju et al (Ranga Raju et al., 1983) . and Montes (1998) developed polynomial approximations for the change in water depth due to the presence of cylindrical piers, but this analysis is restricted by the assumption that changes in water depth are small and the flow conditions are subcritical. More recent experimental work Arnason et al. (2009). and Qi et al. (2014) . has demonstrated that under certain circumstances choked flow can result, leading to large changes in water depth.
There have been numerous experimental investigations examining the effects of surface-piercing obstructions on the free surface profile up and downstream of the obstruction in open channels under steady conditions (Dargahi, 1989; Sadeque et al., 2008; Reinauer and Hager, 1994) . For unsteady conditions, preliminary investigations have focused upon bores and hydraulic jumps in unobstructed channels (Yeh et al., 1989; Hornung et al., 1995; Svendsen et al., 2000) . Subsequent research has examined the forces imparted by a bore on a rigid structure and the simultaneous effect of the structure on the flow of the bore (Cross, 1967; Fukui et al., 1963; Nakamura and Tsuchiya, 1973; Asakura et al., 2002; Ramsden and Raichlen, 1990; Ramsden, 1993) . Most experimental studies regarding tsunami are limited to simulating these waves with either solitary waves or bores generated by a dam break (Lukkunaprasit et al., 2009; Thusyanthan and Madabhushi, 2008) . Furthermore, the waves simulated in these studies are generally of a short wave period, resulting in a gap in the literature (see Fig. 1 ). This paper presents experiments that follow a more recent approach, whereby tsunami simulation is achieved by means of a volume-driven wave-maker that releases a column of water of a specified volume at a controlled rate, as described by Rossetto et al. (2011). and McGovern et al. (2017) . This approach has the advantage of being able to generate both trough-and crest-led waves of periods between 20 and 240 s, which are significantly longer than any other waves produced under laboratory conditions to date.
Practical guidance on the design of buildings against tsunami action effects are provided in documentation produced by various federal and national agencies. These include the Federal Emergency Management Agency FEMA P-646 guidelines (FEMA, 2012) and the Building Center of Japan guidelines (Okada et al., 2004) , which adopt different methods for estimating inundation pressures and total forces. The procedure proposed by FEMA (FEMA, 2012) initially assumes a maximum run-up value R, from which a maximum water height h max can be determined. The hydrostatic force F h for a fully submerged wall of height h w and width b is then determined as:
in which ρ is the density of sea water and g is the gravitational acceleration. Hydrodynamic or drag forces F d for a building with a drag coefficient C D subjected to an inundation flow velocity u are calculated as:
from which impulsive forces F s are determined as:
A recent update to the ASCE 7 standard (ASCE/SEI 7-16, 2017) also incorporates the same impulse magnification of 1.5F d as described by Eq. (3) into the hydrodynamic force definition. However, the guidelines allow for this to be omitted when a bore is dissipated by topography, and when the inundation flow is characterised by a Froude number less than one. The methodologies described by (FEMA, 2012) and (ASCE/SEI 7-16, 2017) assume that the impulsive, hydrodynamic, and hydrostatic forces can be decoupled and they further neglect the effect of the presence of the building on the flow conditions. Research by Qi et al. (2014) . and Bahmanpour et al. (2017) . have shown that the flow, pressure distribution and forces are all sensitive to the presence of buildings. Furthermore, for very long period inundation flows, the experiments presented in this paper and in (McGovern et al., 2017) show that an initial impulsive force component may not occur (see Section 4) or be a prerequisite for accurate force determination.
This paper presents an extension of previous research into the subject of tsunami inundation forces presented in Qi et al. (2014) . and Bahmanpour et al. (2017) . Qi et al. (2014) . propose force equations for steady flows around objects based on small-scale experiments, with Bahmanpour et al. (2017) . extending the work of Qi et al. (2014) . through a numerical investigation. Here, the steady flow force equations are tested against large-scale tsunami tests and hence this paper introduces unsteady flow to tsunami inundation force problems. This paper has two primary aims. Firstly, to describe the evolution of pressures and forces of tsunami inundation flows around a single rigid rectangular object. Secondly, to develop a semi-empirical force equation in terms of offshore water height, flow velocity, blocking fraction, and Froude number with a view to being used in future design codes and numerical models. To these ends, we describe a detailed experimental study of the forces acting on a square obstacle, over a range of blocking fractions, due to waves of various periods that simulate prototype-like tsunami. We adapt these experiments first to check whether the onedimensional model by Qi et al. (2014) . for quasi-steady flow conditions produces a good prediction of the measured forces. We then propose a modified version of these equations with a new empirical closure.
Analytical framework
The adoption of an analytical framework for force determination based on unsteady flows around surface-piercing objects assumes the inundation imposed by tsunami is quasi-steady. Fig. 2a shows the variation of vertical water particle velocity with surface elevation as a function of time for one of the waves considered in Section 3 of this study (wave period T ¼ 80 s). Readings shown are for the shoreline (x ¼ 84.93 m) and far offshore (x ¼ 10.93 m), in which x is the distance from the front of the tsunami simulator. The figure shows that, excluding the transition phase between the wave advancing and receding, the water particle velocity remains constant with surface elevation. This suggests a A.S.J. Foster et al. Coastal Engineering 128 (2017) 44-57 steady flow characteristic. Furthermore, between the two extreme locations, the velocity profiles are similar, suggesting that there is little spatial variation of the flow. Considering the accelerations presented in Fig. 2b , these are appreciably close to zero and corroborate the observations drawn from Fig. 2a . These initial observations suggest that adopting a starting assumption of quasi-steady flow can be justified for predicting inundation forces that are driven by nominally unsteady flow due to long waves typical of tsunami.
The most relevant aspects of the experimental conditions generated in this study can be modelled using long-wave theory to predict the pressure field, and the momentum principle to determine the criticality of the flow and hence the position of the free surface.
Tsunami waves and other waves with extremely long periods and wavelengths are referred to in the literature as long or shallow water waves (Dean and Dalrymple, 1984) . Fig. 3 describes a long wave of wavelength L, amplitude H/2, horizontal (x-direction) velocity u vertical (z-direction) velocity w, and surface profile η impinging upon an obstacle of length l and width b immersed in initially still water of depth h. From small amplitude wave theory, the surface profile and velocities for a progressive wave of period T are described by:
In these equations k ¼ ð2π=LÞ is the wave number, σ ¼ ð2π=TÞ is the angular frequency and g is the gravitational acceleration. For kh≪π=10 the asymptotic forms of the hyperbolic functions in Equations (4a) and (4b) are cosh kh ¼ 1 and sinh kh ¼ kh respectively, resulting in shallow water particle velocities u s and w s :
in which C ¼ ffiffiffiffiffi gh p is the shallow water celerity. The pressure field p associated with a progressive wave is determined from the unsteady Bernoulli equation, whose velocity potential ϕ is given by:
which results in:
in which ρ is the fluid density. For shallow water conditions where kh≪π=10:
Thus the pressure due to long waves is hydrostatic, since the vertical accelerations can be shown to be small (Dean and Dalrymple, 1984) ; this is shown to be true for sea walls completely blocking the flume in related experimental work by McGovern et al. (2016) . With reference to the pressure distributions p 1 and p 2 in Fig. 3 , the net force F x in the x-direction is defined as:
in which ÀS is the bed surface elevation. Hence for long waves, the problem of determining the net force on a building is reduced to knowing the relationship between the upstream and downstream water depths h 1 and h 2 . Since there is an absence of dynamic pressure in long waves, h 1 and h 2 can be determined using steady open channel flow principles. Current practice in tsunami inundation force determination is typically reliant upon numerical models that calculate inundation flow velocities in preparation for drag force computations (Imamura and Imteaz, 1995; Synolakis et al., 2008) . The influence of buildings upon inundation flows is then determined indirectly through an appropriate velocity adjustment, incorporating an empirical roughness coefficient (see Gauckler (1867) and Manning (1891) ). This paper proposes an alternative approach and examines the applicability of an analytical framework that directly considers the presence of buildings on the inundation flow.
In this framework, forces on an object or building are critically dependent upon knowledge of the upstream and downstream Froude numbers, Fr 1 and Fr 2 respectively. This implies that an estimate of these forces can be derived by considering the influence of the object in a channel upon the height h of the free surface. Through an experimentally determined empirical closure, the need to explicitly take into account the presence of the building is negated, which permits the forces acting on a building at any given location in the inundation flow to be determined knowing only the Froude number and building dimensions. This is advantageous for numerical modelling as the presence of a building will not need to be taken into account. It is also of practical relevance for engineering calculations and risk evaluations that seek to take advantage of historic or site-specific environmental data without recourse to costly numerical models. The idealisation originally used to develop this framework by Qi et al. (2014) . is summarised in Fig. 4 , and comprises a flow in a rectangular channel of depth h and an average uniform velocity of u. The unobstructed channel has a width w, which upon introducing an obstacle of width b, is constricted to a net width of (wÀb). The total force F D on the obstacle can be calculated in terms of the fluid density ρ, the drag coefficient C D , the hydrostatic coefficient C H , gravitational acceleration g, the wetted frontal area of the obstacle A ¼ bh, the net water surface elevation (h 1 Àh d ), and the local mean horizontal fluid velocity u:
For a fixed control volume CV, the Reynolds transport theorem gives the linear momentum relation (Reynolds, 1903) :
in whichn is the outward normal unit vector and ΣF is the vector sum of surface tractions on all fluids and solids cut by the control surface, as well as all body forces acting on the masses within the control volume. Assuming a locally steady one-dimensional flow, d/dt ¼ 0, the right-hand side of Eq. (11) may be written as:
in which Q ¼ uwh is the volume flux and M is the momentum flux at the control surfaces. Fenton (Fenton et al., 2003) defines the momentum flux as:
in which h c is the depth of the centroid of the section below the surface such that Ah c ¼ ð1=2Þh 2 w, and β is the Boussinesq coefficient β ¼ ðA=Q 2 Þ∫ A u 2 dA, which takes into account non-uniform velocity over the cross-section. For regular channels, flumes and spillways, β ¼ 1.03 (Chow, 1959) , which for the purposes of this paper is approximated to β ¼ 1. The upstream Froude number Fr 1 is defined as
When Fr 1 is less than a critical value Fr 1c , the upstream flow is seen by Qi et al. (2014) . to be subcritical. For Fr 1 ¼Fr 1c , the downstream Froude number jumps to Fr 2c > 1, corresponding to a choked flow where the momentum loss is greatest. For choked flows, the flow downstream of the building is characterised by a hydraulic jump, across which there is a change in water depth. To determine the flow state Fr d downstream of the buildings, Eqs. (13)- (15) can be used to form a relationship between Fr 1 and Fr d in terms of C D , (b/w), and
which is a transcendental equation. In the presence of supercritical flow (Fr 1 > 1), the far downstream Froude number Fr 2 is evaluated by first determining the conjugate depths h d /h 2 :
From the continuity equation 
where C D0 is the drag coefficient for unbounded flow, equal to 1.9 when ambient turbulence is taken into account (Tamura and Miyagi, 1999) . The framework described will be extended, using new experimental data, to examine the influence of unsteady flow on the inundation forces experienced by rectangular buildings and to provide a set of semiempirical equations for force prediction.
Experimental study
To examine the influence of unsteady flow on forces experienced by rectangular buildings, an experimental study is conducted where obstacles of varying blocking fractions are subjected to unsteady free-surfaceflow driven by trough-led waves (N-waves) and solitary waves. Depending upon the upstream and downstream Froude numbers, the flow regime is classified as either subcritical or choked, according to the thresholds defined by Qi et al. (2014) . The presence of a rigid body, introduced into a channel flow, generates a perturbation. At low Fr, the difference in water depth upstream and downstream is negligible. But at high Fr, a bore initially propagates upstream and downstream of the obstacle when the water is set in motion, leading to a change in water depth upstream and downstream of the obstacle. In a flume of finite length, a reference unperturbed upstream state will be lost, which means that observations are expressed in terms of an upstream Froude number, Fr 1 . In this section we describe the experimental variables, test conditions and apparatus, and data processing methods. Given an upstream state characterised by Fr 1 , the analytical framework in this paper will determine the downstream state characterised by Fr 2 .
Experimental variables
A summary of the experimental variables considered in this investigation is presented in Table 1: Two forms of wave are used in this investigation: solitary and troughled N-waves. Solitary waves (Miles, 1980) are described by:
where η is the surface elevation, x is the horizontal coordinate, t is time, a is the wave amplitude, C is the wave celerity, and L is the length of the wave. Solitary waves have been used in many other experimental and numerical studies (Jensen et al., 2003; Synolakis, 1987; Briggs et al., 1995; Borthwick et al., 2006) as they possess the ability to carry forward momentum and they feature a positive elevation, making them amenable to traditional paddle-driven flumes. However, solitary waves lack the characteristic depression, or draw-down, of real-world tsunami waves (Madsen et al., 2008) , which can produce steeper positive wave fronts after the initial depression has passed. This might lead to higher impact forces on an object or a building. This feature of tsunami waves can be modelled by N-waves Synolakis, 1994, 1996) , whose leading profile is described by:
where ηðxÞ is the surface elevation, ε g < 1 is a scaling parameter defining the crest amplitude H, θ ¼ X 1 þCt and L ¼ X 1 ÀX 2 (in which X 2 is the x position of the inflexion point of the profile corresponding to η(x ¼ X 2 ) ¼ 0 and X 1 is the position of a positive solitary wave of the same amplitude centred on X ¼ X 1 at t ¼ 0), and γ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi 3Hv 0 =4 p , where v 0 is a steepness parameter set to 1 by (Tadepalli and Synolakis, 1996) . Due to its novel method of wave generation, the pneumatic tsunami generator used in this study has the ability to produce waves with a leading trough or depression that are generally not possible with paddle-driven flumes.
The waves generated in this study are not selected to reproduce any particular prototype events, but are generated in the same way and with essentially the same device as experiments that reproduced the Indian Ocean 2004 'Mercator' trace at a Froude scale of 1:50 (Allsop et al., 2014) . It may therefore be appropriate to apply that scale in any conversion to prototype. At this scale, scale effects are relatively mild. Surface tension effects will be very small, as will related air entrainment. There will be some effects of relative roughness for the initial stages of flow along the sea bed, but for the later stages of incoming flows of interest here, Reynolds effects will be small.
Experimental set-up

Location
Physical experiments are conducted at HR Wallingford, in a wave tank 100 m long, 1.8 m wide, and of variable depth. The tank is equipped with a wave generator at one end. At the opposite end a 1:20 sloping bathymetry was installed (Fig. 6a) , reaching a maximum height of 1 m, the nominal position of the shoreline.
Wave generator
The wave generator in this investigation is of the pneumatic type, referred to herein as a tsunami generator. Unlike wave paddle and plunger wavemakers, a tsunami generator has no moving parts in contact with the water. The design concept behind the tsunami generator is a pump with a low pressure head, connected to a partially immersed plenum chamber, which is open at the bottom and located at one end of the tank. Water drawn into the plenum chamber is released by moving a valve controlled by an electric servo system. The system admits a valve position feedback signal from a transducer at the valve in addition to a reference signal; the system operates an actuator to cause the valve position to match the reference position. The amplitude and frequency of the generated tsunami waves are directly related to the amplitude and frequency of the reference signal. This form of wave generation is ideally suited to simulating tsunami as it allows the controlled movement of large volumes of water in a confined space without high discharge water pumps, which are expensive in both capital and operational costs.
Obstacles
Three rectangular cylinders of constant height h box (0.2 m), depth d box (Fig. 6b) . The load cells used in these tests are the F232/2 type supplied by Novatech, with a stiffness of 2.1 Â 10 8 N/m, a sampling frequency of 100 Hz and a range of ± 5 kN. The structure is designed to have sufficient stiffness to avoid resonant excitation during the tests. This is verified by measuring the natural frequency of the structure, which is considerably higher than the forcing frequency of the test waves.
Measurement
The water surface elevations η are measured at various locations in the offshore (constant depth region of the flume), the nearshore (above the sloping bathymetry) and onshore (the initially unwetted region beyond the nominal shoreline) using resistive-type wave probes (Fig. 6a) . Time series velocity profile data are collected at the bathymetry toe using an acoustic doppler current profiler (ADCP), manufactured by Nortek. Onshore velocity is measured using propeller meters. Pressure is measured using absolute-type pressure gauges, manufactured by Trafag. Pressure gauges of this type are suitable for this investigation due to the relatively low expected dynamic pressures. Readings are taken at four 35 mm intervals along the height of the front face of the obstacles, along the center line in all cases and at an offset for b/w ¼ 0.6 and 0.8 (Fig. 6b) . Forces are measured using three two-axis strain gauge-type load cells, manufactured by Novatech. The load cells are mounted between the primary support beam and the interface beam in a triangular formation for stability, as well as to minimise any moments due to their position above the obstacle. All of the instrumentation is connected to a datalogger. A trigger system is set up so that when the valve on the tsunami generator is opened, data logging commences instantaneously, with the time set to zero.
Data processing
Excluding current profile data, which is collected and processed by proprietary software, all data generated during the tests are logged as voltages; the relevant calibration factors are then applied during a postprocessing stage to obtain physical quantities. A Fourier smoothing technique is applied to the data generated by the pressure transducers and load cells to remove noisy signal interference. Fig. 7a-7d present typical wave surface elevation profiles η for all of the waveforms and periods considered in the present study. These are measured at x ¼ 64.93 m (offshore) and x ¼ 84.93 m (onshore), which correspond respectively to the start of the bathymetry and the shoreline. Fig. 8a and b presents the evolution of a typical short (T ¼ 40 s) and long (T ¼ 200 s) N-wave at all instrument locations. In both of the presented cases, as well as all other cases considered, the waveform does not significantly change with position along the offshore region. Fig. 9 shows the variation of peak water height, recorded at the face of the obstacle, with wave period. It can be seen that the water height ranges from approximately 10%-90% of the height of the obstacle. It is generally observed that higher blocking fractions result in higher measured water levels at the face of the obstacles.
Experimental results
Wave elevation
Regime classification
A key aspect of this research is the influence of unsteady flow conditions upon tsunami forces. As a measure of unsteady flow, second-order time derivatives are taken of the surface elevation η. Although in theory, any time dependency of surface elevation connotes unsteady flow, in practice all flows are locally unsteady even when conditions are A.S.J. Foster et al. Coastal Engineering 128 (2017) 44-57 considered to be steady in the far-field. For the purposes of this research, the flow will be considered to be unsteady when
∂t 2 is greater than 0.05% of the quantity (h/gl), which corresponds to a term that can adequately non-dimensionalise the water depth time derivative whilst also A.S.J. Foster et al. Coastal Engineering 128 (2017) 44-57 encompassing the influence of the length l of the obstacle in the flow. In order to examine the influence of the presence of the building on the flow, the obstacle width b is excluded from the normalisation. Fig. 10a and b shows the relationship between wave period and flow variation, taken at both mean and peak values of ∂ 2 η/∂t 2 (h/gl). Two inferences may be drawn from these figures. Firstly, there is a clear wave period (T ¼ 80 s) below which the flow becomes significantly unsteady. Secondly there is a local influence, due to the presence of the obstacle in the flow, that results in higher blocking fractions introducing greater unsteadiness. This is due to higher blocking fractions increasing the tendency of the flow to transition from subcritical to choked. This finding is in accordance with the observations of (Qi et al., 2014) for steady flow, where the blocking fraction (b/w) influences the critical Froude number.
Velocity, wave celerity and wavelength
Measured and theoretical wave celerity, wavelength and velocity are presented in Table 2 for all waves considered in this study. These data exhibit the anticipated response of an inverse relationship between velocity, wave celerity and wave period (see Fig. 11 ). A more comprehensive tsunami generator calibration study by (Rossetto et al., 2011) corroborates these results.
With the exception of the T ¼ 20s solitary wave, it is noted that for all of the waves considered in this study, the measured wavelength is considerably longer than the flume. This can result in a degree of destructive interference due to wave reflection, which can be observed in Fig. 7b for example, where the reflection of the generated wave begins immediately after the shore-ward motion of fluid from the simulator arrives at the tow of the bathymetry (McGovern et al., 2017) . This is expected as both solitary and N-waves carry forward momentum (unlike sine waves, where closed orbital particle paths do not transport mass forwards), which will result in significant reflections from the flume slope. In a related study by McGovern et al. (2017) , it is observed that for very long waves, there is an increase in amplitude due to the constructive interference of the prior reflected portions of the wave crest. It is concluded in their research that this is due to an excitation of the second harmonic of the flumes resonant frequency.
Pressures and forces
Typical time histories for measured wave pressure and force are presented in Fig. 12 for all blocking fractions and selected wavelengths. The data do not exhibit a significant impulsive component; this is the anticipated response, as during the tests no waves were observed to break on or near the obstacle and there was little by way of slamming during the initial impact phase (Fig. 13) . These results are significant because an impulsive component is instead specified in current recommended practice documents, such as FEMA (FEMA, 2012) and Okada et al. (2004) . In the absence of wave force measurements under realistic tsunamis (here we exclude tests with simple solitary waves or those using dam-break bores), engineers writing design codes have taken the precautionary approach of biasing their advice towards loads from steep waves as generated in dam-break experiments, such as Nouri et al. (2010). and Al-Faesly et al. (2012) , which often show impulsive loadings. Those experiments that use more realistic tsunami generation, for example those by Rossetto et al. (2011 ), Bremm et al. (2015 , Allsop et al. (2014) , Goseberg et al. (2013). and McGovern et al. (2017) , have seldom if ever shown impulsive effects, suggesting that these more violent loadings may be significantly rarer than implied by dam-break studies.
The overall relationship between peak forces, pressures and wave period is presented in Fig. 14, which shows a pronounced attenuation of peak forces and pressures with increasing wave period. Fig. 15 traces peak pressures and forces with measured water height at the face of the obstacles. This figure shows that the measured forces are close to the corresponding hydrostatic force components. This is the anticipated response as predicted by the long wave theory presented in Section 2.
Applying the regime classification presented in Section 4.2, Fig. 16 shows that the majority of the measured pressures are hydrostatic, particularly in the unsteady regime. Results indicating pressures below the expected hydrostatic response are associated with the longest period waves with the lowest amplitudes; in these cases some of the water level fell below the measurement area of the pressure transducers, resulting in lower than expected pressure readings. Fig. 17a shows the variation of drag coefficient with wave period, determined from the experiments as:
For longer period (>50 s), very shallow waves, there is significant scatter in the results which may be due to measured velocities being affected by high friction forces. This is reflected in Fig. 17b where a split in the data occurs, coinciding with the division of flow regimes. Results for wave periods exceeding 110 s have been omitted from this figure, as the very shallow water conditions resulted in unreliable velocity data readings. Since the focus of this research is on unsteady flow, only the data corresponding to wave periods less than 50 s be used to draw conclusions in subsequent sections of this paper. Using this subset of results, good agreement is achieved with the predictive equation for C D (Eq. (19)), when a value of C D0 ¼ 1.9 is used, which is the theoretical value for drag on a square cylinder in an unblocked turbulent flow.
Discussion and empirical closure
In this section, a modification of the empirical force equation originally proposed by Qi et al. (2014) . for steady flow conditions is proposed for the application to unsteady flows, for which based on the presented experiments. In Qi et al. (2014) , and as implied by Eq. (10), a proportion of the total force experienced by the obstacle comes from drag and the remainder from hydrostatic effects. To reconcile these two force scalings, a general expression for F D is proposed: A.S.J. Foster et al. Coastal Engineering 128 (2017) [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] in which:
λ may be interpreted as an empirical closure for F D . For subcritical flow, the forces are due to drag alone as there is no appreciable difference in water height either side of the building, hence λ does not feature. Fr d in λ is determined from the solution of Eq. (16). C H is determined as per Qi et al. (2014) as
Þ. It should be noted that when Eq. (24) is being used in conjunction with time histories for u 1 and h 1 , a discontinuity will arise in the force time history as the flow transitions from subcritical to choked regimes. To circumvent this, a cubic smoothing function can be applied in a similar manner to Petrone et al. (2016) . Further, peak values of u 1 and h 1 are used in the determination of λ. their predictive capacity is assessed in Fig. 19 . Agreement with laboratory results is acceptable, but there is potential for improvements with more reliable shallow water velocity measurements. From both design and assessment perspectives, the blocking fraction (b/w) is an important parameter. For simplicity, it is desirable to make λ invariant to wave period or more generally
. With reference to Fig. 18b , λ tends to settle on a constant value, suggesting that an empirical closure taking only (b/w) into account is an acceptable balance between accuracy and utility. Considering only wave periods that are categorised in this research as unsteady, the relationship between λ and (b/w) is plotted in Fig. 20 . Using a least squares fit for λ as a polynomial function of (b/w), the following empirical closure for F D is proposed: λ ¼ 1:37 À 1:35ðb=wÞ þ 1:37ðb=wÞ 2 (25) which is applicable for unsteady flow regimes where
. A summary of the force equations that are applicable to steady and unsteady inundation flows is presented in Table 3 , with λ defined in Eq. (25) and λ s corresponding to the steady flow defined by (Bahmanpour et al., 2017) as: 
In determining the empirical closure specified by λ, the force acting on a building at any given location in the inundation flow can be determined by knowing only the Froude number and blocking fraction. The force equations proposed in this section can be adopted within current approaches to tsunami inundation modelling.
Concluding remarks
We describe an experimental study that seeks to examine the forces experienced by a rectangular obstacle in an unsteady free-surface channel flow. This study is one of a very limited number where prototype-like tsunami flows are simulated. In this study, the length of the obstacles are fixed and the blocking fraction (b/w) is allowed to vary from 0.1 to 0.8. A range of wave periods from 20 to 240 s are chosen and these encompass both solitary and trough-led wave forms.
The aims of this study are firstly to describe the evolution of pressures and forces of tsunami inundation flows around a single rigid rectangular object, and secondly, to develop a semi-empirical force equation in terms of offshore water height, flow velocity, blocking fraction, and Froude number with a view to being used in future design codes and numerical models.
The results show that for very long period waves encountering an idealised topography, the inundation flow can be considered to be gradually varying, to the extent that it can be considered steady. Through the introduction of obstacles in the form of buildings into the flow, it is evident that there is a strong interaction between obstacle widths and flow conditions, expressed in terms of the Froude number. When considering the temporal evolution of the forces and pressures, it is evident that for the wave periods under consideration, there is no impulsive component. Through classifying the impinging waves into steady and quasi-steady regimes, we demonstrate that the force parameterisation depends on both the upstream Froude number Fr 1 and the blocking fraction (b/w). Additionally, the effect of variations in the rate of change of flow ∂ 2 η ∂t 2 h gl appear to have a limited effect on the force parameterisation. Finally, the resulting pressure fields are observed to be hydrostatic, irrespective of flow regime. Therefore, in terms of preliminary recommendations for updated design guidance for the range of flow conditions investigated, the effect of impulsive forces may be neglected and the theoretical framework originally proposed by Qi et al. (2014) . for quasi-steady flow conditions can be applied in a predictive capacity for certain unsteady inundation flows. Further experimental work that seeks to provide a detailed examination of the influence of topography and scale effects will be required to develop more generalised design guidance. 
